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1. Introduction 8 
Supplementary cementitious materials (SCM) are commonly used as cement substitution in 9 
concrete materials for technical, economical or environmental benefits. In order to reduce the 10 
carbon footprint of concrete coming from the important CO2 emissions related to clinker 11 
production, the massive replacement of Portland cement by a combination of limestone filler 12 
(LMF) and blast furnace slag (BFS) has already been proven to be effective from a mechanical 13 
behaviour perspective. The impact of such concrete mixes on the concrete setting, strength, 14 
elastic modulus or heat release has been at the centre of the attention for the last decade [01, 02, 15 
03, 04, 05, 06, 07]. These studies have highlighted the mechanisms at the origin of the effect of 16 
LMF and BFS on these properties, and have resulted in the adaptation of the existing models in 17 
order to take into account their respective effects. 18 
However, there exist few comprehensive studies assessing the effect of these combined SCM on 19 
the early age deformation potential of concrete [08, 09]. In particular, the prediction of the 20 
autogenous deformation of such mixes remains of major interest as there lacks simple models 21 
that can be applied to SCM-based concrete. This lack of model can be explained by the recent 22 
interest brought by the scientific community to the behaviour of concrete at early age, and also to 23 
the complex issue of the autogenous deformation, which is the combination of various combined 24 
mechanisms. Indeed, these mechanisms include chemo-mechanical consequences of hydration, 25 
such as self-desiccation or chemical swelling, as well as volumetric changes induced by 26 
temperature variations. 27 
In 2005, Barcelo et al first formally suggested that the autogenous deformation in isothermal 28 
conditions results from the coupling of a swelling deformation, related to the formation of 29 
hydration products and the self-desiccation deformation resulting from water-related processes 30 
[10]. The mechanisms at the origin of this swelling have been widely studied in the past decades. 31 
They include measurement artefacts, absorption of bleeding water [11], water adsorption by 32 
fillers [12, 13], CH growth [14] and primary ettringite formation [14, 15]. Even if there is still no 33 
general agreement as to which of the aforementioned mechanisms is the dominating one, it 34 
remains clear that both LMF and BFS generate early age swellings deformations. 35 
There exist plenty of models describing the evolution of the autogenous deformation with 36 
empirical models expressed as a function of time, degree of hydration or relative humidity [16, 37 
17, 18, 19] as well as more complex microstructural approaches [20]. However, none of these 38 
models consider the early age swelling behaviour, as they were mostly developed for hardening 39 
Portland cement concrete. Therefore, these models are either unadapted to the very early age 40 
behaviour, or unable to express the sensitivity of the autogenous deformation to the type of 41 
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SCM. In order to be able to include all these processes in one unified model, the first step 42 
consists in decoupling the self-desiccation deformation from the swelling deformation. 43 
The aim of this paper is to  44 
- present a new methodology in order to decouple the early age swelling deformation from 45 
the self-desiccation deformation, 46 
- apply this methodology to various concrete composition containing various amounts and 47 
nature of SCM, 48 
- link the swelling deformation to the microstructure development, 49 
- unify the observed processes in a single hydration-based model. 50 
 51 
2. Materials and method 52 
2.1.Materials 53 
 54 
The materials used for this study are a CEM I 52.5 N, limestone micro-filler, blast-furnace slag 55 
and gypsum. Their chemical compositions are detailed in Table 1. 56 
 57 
Table 1. Composition and physical properties of materials 58 
    
CEM I BFS LMF Gypsum 
C2S [%] 12.6 - - - 
C3S [%] 63.49 - - - 
C3A [%] 8.09 - - - 
C4AF [%] 9.8 - - - 
SiO2 [%] 20.12 33.3 - - 
Al2O3 [%] 5.03 12.5 - - 
CaO [%] 64.53 41.5 - - 
MgO [%] 0.98 7 - - 
CaCO3 [%] - - 98 - 
CaSO4 [%] 4.5 - - 79 
SO3 [%] 3.36 0.16 0.00 46.5 
blaine [cm²/g] 365 450 647 354 
density [kg/m³] 3.15 2.89 2.71 2.31 
 59 
Four concrete compositions are studied (Table 2). Two compositions containing high amounts of 60 
limestone filler (C3) and blast furnace slag (C2) are investigated, as well as a reference mix with 61 
a binder containing only Portland cement (C1). Then, a fourth concrete is tested for the 62 
combined effect of both additions (C4). The binders therefore include variable contents of 63 
cement, LMF, BFS and gypsum. Amongst all these compositions, it is ensured that the granular 64 
skeleton, water/binder ratio (w/b), paste volume and sulphate content are constant. The constant 65 
sulphate content was ensured by modifying the amount of gypsum between compositions. The 66 
binder content includes the cement, gypsum, BFS and LMF. The properties of these concrete 67 
mixes shown in the following table are extracted from [06, 07]. If limestone filler is considered 68 
as inert, a water/reactive ration (w/r) can be computed, by considering only cement, slag and 69 
gypsum in the reactive binder content. The apparent activation energy Ea describes the sensitivity 70 
of the hydration reactions to temperature variations. The final setting time is noted t0.  71 
 72 
Table 2. Composition and properties of concrete mixtures (kg/m3) 73 
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  C1 C2 C3 C4 
Aggregate 10/14 873 873 873 873 
Aggregate 6/10 210 210 210 210 
Sand 0/4 853 853 853 853 
CEM I 52.5 432 104 285 103 
BFS 0 291 0 164 
LMF 0 0 126 124 
Gypsum 0 22 10 22 
Water 173 167 169 165 
Density [kg/m³] 2540 2519 2525 2514 
w/b 0.4 0.4 0.4 0.4 
w/r 0.4 0.4 0.57 0.57 
Ea [kJ/mol] 35.9 51.1 39.1 49.7 
t0 [h] 4.1 8.5 4.6 6.8 
Es 28d [GPa] 51.8 51.7 48.4 50.0 
fc 28d [MPa] 53.2 38.7 46.4 33.8 
fc 90d [MPa] 58.3 44.0 48.6 39.6 
fc 365d [MPa] 61.4 49.6 52.3 46.3 
slump class S1 S1 S3 S2 
 74 
2.2.Test setup 75 
2.2.1. Setting time 76 
As soon as the concrete is cast in its moult, deformations occur, such as plastic shrinkage, 77 
chemical shrinkage and thermal deformations. However, before the setting of concrete, these 78 
deformations have no impact on the structural behaviour of concrete, as they do not induce 79 
internal stresses in the material. In this study, the autogenous deformation is defined as any 80 
deformation occurring without external mechanical loading, water exchange with the 81 
environment, or heating of the material, which could induce internal stresses inside the material. 82 
Therefore, these deformations are not measured before final setting (t0). The final setting time is 83 
determined by the dynamic elastic modulus as computed from continuous ultrasonic monitoring 84 
of P-wave and S-wave during the first hours after casting [05]. The final setting time corresponds 85 
to the inflection point of the dynamic elastic modulus versus time curve. This criteria was 86 
suggested by comparison of the ultrasonic method with ASTM C403 standard, and measurement 87 
of very early age stiffness and strength gain. This methodology as well as the corresponding test 88 
setup and results for the tested materials are presented elsewhere [05]. The values of t0 for each 89 
composition are shown in Table 2. 90 
 91 
2.2.2. Degree of hydration 92 
The decoupling strategy presented in this paper requires the knowledge of the degree of 93 
hydration for each composition. The degree of hydration is determined from heat flow 94 
measurement with an 8-channel TAM Air isothermal calorimeter. These measurements are 95 
performed on mortars corresponding to mixes C1, C2, C3 and C4, without large aggregates, and 96 
were already presented in a previous publication [06]. Two samples of each mix are measured. 97 
The degree of hydration is obtained based on the model developed by Freisleben-Hansen and 98 
Pedersen [16], which was adapted (equations 1-3) to the hydration of SCM-based materials [06]. 99 
This model superimposes two s-shaped curves, with respective amplitudes a1 and a2 [J/g], time 100 
constants τ1 an τ2 [h], and exponents β1 and β2 [-]. The ultimate heat release Q∞ [J/g] can be 101 
approximated by the sum of the amplitude parameters, and the degree of hydration α(t) is 102 
obtained by dividing the cumulated heat release by Q∞. 103 
 104 
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 108 
2.2.3. TGA analysis 109 
The amount of portlandite and the qualitative estimation of ettringite content are determined 110 
through thermogravimetric analysis (TGA). Hydration was stopped using a freeze dryer (2 hours 111 
at 0.03 mbar) after gently crushing the samples. The mass loss of cement samples submitted to 112 
temperatures between 25 and 900 °C is measured. The samples mass was between 25mg and 113 
35mg. The instrument used for this purpose was a NETZSCH STA 409 PC, operated in nitrogen 114 
atmosphere, at a controlled heating rate of 10 °C/min and flow rate 60 mL/min. The first 115 
derivative of thermogravimetry (DTG) was used to identify the reaction products. 116 
2.2.4. Autogenous deformations 117 
Due to the necessity of carrying out tests on concrete samples since the setting time in isothermal 118 
conditions, a specific testing device called BTJADE was used [21]. Specifically designed for 119 
such purposes, it allows the vertical measurement of the displacements of a concrete specimen 120 
placed in a thermally regulated liquid bath (Figure 1). It mainly consists of a test rig, composed 121 
of a PVC corrugated mould and fixed metallic parts. The whole system is placed into an isolated 122 
thermo-controlled bath to ensure the autogenous conditions, namely a temperature as constant as 123 
possible, a stress free state and a protection against desiccation. On the sample, different sensors 124 
(displacement, temperature) are installed.  125 
 126 
 127 
Figure 1. BTJADE test setup 128 
 129 
This setup allows a very precise measurement of the length variation ∆lm of a concrete sample in 130 
order to compute the total autogenous deformations εau. Calibrated coefficients (Cw and Ca) 131 
taking into account the response of the test setup to a temperature variation of the ambient air θa 132 
or water in the tank θw permit to subtract these measurement artefact to the actual concrete 133 
deformations (equation 4). The flexibility of the PVC mould allows measuring deformation from 134 
the earliest age to several months. Up to three samples of length L0 can be simultaneously 135 
monitored in the same water bath.  136 
 137 
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 139 
For each concrete composition, at least three samples were tested, resulting from at least two 140 
batches of the same composition. The data treatment allows taking into account the thermal 141 
strains by measuring the temperature of the sample θc at all times, provided that the concrete 142 
coefficient of thermal expansion Cte is known. This setup allows a direct measurement of Cte by 143 
measuring the sample displacements for a given bath temperature variation. The measurement of 144 
the autogenous deformation is measured from casting up to several weeks.  145 
 146 
2.3.Decoupling approach 147 
Various processes occur at early age, resulting in the overall measured autogenous deformation. 148 
They appear in Figure 2, which is a more complete vision of the scheme suggested by Barcelo et 149 
al [10]. The three processes shown are only considered after the final setting. The self-150 
desiccation deformation εsd is caused by capillary pressure development in the porosity of the 151 
concrete. This capillary pressure occurs due to the fact that water is consumed by hydration, and 152 
that its volume is not fully replaced by hydrates. The thermal deformation εth cannot be avoided 153 
due to hydration reactions, and must be removed from the measured deformation in order to 154 
yield the autogenous deformation. The early age swelling deformation εsw can appear for various 155 
reasons: 156 
- it is affected by measurement artefacts, which can originate from incorrect temperature-157 
related corrections to the measurement, or from the difference between linear versus 158 
vertical measurements, as well as linear versus volumetric measurements of the 159 
deformation.   160 
- water absorption of bleeding water by concrete leads to a swelling behaviour due to the 161 
cancelling of self-desiccation deformation [11]. Although an increase of the swelling 162 
with increasing water content is generally accepted [22], there are doubts on the fact that 163 
the cancelling of self-desiccation is its origin. In particular, there is no reason why the 164 
self-desiccation cancellation would induce swelling rather than no shrinkage at all. 165 
- in the presence of fine particles in concrete, significant early age swelling peaks can be 166 
observed [12]. This can be observed for several filler fineness and nature, as a result of 167 
the adsorption of water by the filler, and the resulting disjointing pressure [13]. 168 
- early age swelling can occur due to the formation and growth of large size portlandite 169 
crystals [22]. This observation is mostly related to the size of the crystals rather than to 170 
their amount, as observed on various water/cement mixtures. This swelling is mainly 171 
attributed to CH crystals but can also be partially explained by the formation of C-S-H or 172 
AFt. On the other hand, Darquennes et al. opposes that in the presence of slag, high 173 
swellings are observed with constant portlandite content [23]. 174 
 175 
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 176 
Figure 2. Causes of the autogenous deformation 177 
 178 
The thermal deformation term in equation 5 can easily be determined by monitoring the 179 
temperature of the concrete and by measuring the coefficient of thermal expansion (Cte) of the 180 
concrete, as shown in equation 6. This coefficient is considered constant through hydration. The 181 
temperature in the sample is considered homogeneous. 182 
 183 
%&'(&    )											+,-			 	'.  '/       (5) 184 
)  0&123            (6) 185 
 186 
In the following section, a methodology is presented for decoupling εsw from εsd in early age 187 
concrete, as well as a strategy for the modelling of both contributions to the autogenous 188 
deformation. 189 
 190 
3. Results and discussion 191 
3.1.Degree of hydration 192 
The degree of hydration is determined from heat release measurements, which ultimate value is 193 
determined from equation 1 and equation 2. The heat flow measurements are shown in Figure 3. 194 
The identified parameters for the model as well as the corresponding root mean square error 195 
(RSME) are shown in Table 3. 196 
 197 
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 198 
Figure 3.Heat flow measurements for all compositions 199 
 200 
The experimental results for these compositions as well as the model parameters were already 201 
presented elsewhere [06]. The effect of LMF and BFS on the heat flow is thoroughly described 202 
in that previous study. The effect of LMF (C3) includes an acceleration of the early hydration 203 
and a decrease of the cumulated heat release. On the other hand, BFS (C2) delays the main 204 
hydration peak, decreases the cumulated heat release, and shows a second peak between two and 205 
three days after mixing. The delay in the second peak for C2 and C4 and the delay in the 206 
shoulder peak in C3 could be attributed to the additional gypsum added changing the 207 
C3A/gypsum ratio [24]. Finally, if BFS is substituted by 30% of LMF (C4), the main hydration 208 
peak is significantly accelerated, while the second peak of hydration attributed to C3A hydration 209 
is slightly delayed.  210 
Table 3. Parameters of the hydration model 211 
  C1 C2 C3 C4 
Q∞ 406.3 265.7 336.6 274.3 
a1 290.4 222.9 264.0 221.4 
a2 104.9 31.6 25.0 48.6 
τ1 15.4 32.5 15.4 27.8 
τ2 108.0 50.1 25.5 62.5 
β1 1.2 0.8 1.0 0.7 
β2 0.4 6.3 2.5 2.7 
RMSE 1.30 0.50 0.38 0.58 
 212 
3.2.Coefficient of thermal expansion 213 
Temperature rises in concrete samples cannot be totally avoided. Even though the BTJADE was 214 
specifically developed for isothermal tests by submerging the sample inside a thermally 215 
regulated fluid, a slight temperature variation inside the concrete is observed. Due to the 216 
efficiency of the test setup, the early age temperature increase is lower than 1°C as shown in 217 
Figure 4. These peaks of temperature are in agreement for each composition with their respective 218 
heat flow measurement. The thermal strains resulting from this temperature increase is deduced 219 
from Equation 6. 220 
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 221 
 222 
Figure 4.Temperature measurements inside the BTJADE specimens 223 
 224 
The coefficient of thermal expansion Cte  was measured on the four concrete compositions by 225 
measuring the displacements after having applied temperature gradients of 5°C at the end of the 226 
BTJADE tests (after 28 days). The obtained values of Cte are shown in Table 4. The effect of 227 
BFS content is not significant, while LMF induces a significant decrease in Cte. This effect can 228 
be attributed to the filler effect, which induces a lower porosity of the cement paste, as well as to 229 
the lower Cte of limestone itself. 230 
Table 4. Coefficient of thermal expansion 231 
  C1 C2 C3 C4 
Cte [µm/m/°C] 12.4 12.5 9.7 10.7 
 232 
3.3.Autogenous deformations 233 
The measurements performed on concrete samples shown in Figure 5a all exhibit a similar 234 
overall evolution. After t0, a swelling occurs with an increasing rate.  Then, a swelling peak is 235 
reached at a time between a few hours and a few days, depending on the composition. After that 236 
peak, shrinkage occurs with a decreasing rate. The shrinkage occurs as long as hydration 237 
continues. The expression of the autogenous deformation as a function of the degree of hydration 238 
is consistent with this description. Initially, the autogenous deformation shows a swelling peak 239 
that develops progressively up to a degree of hydration between 0.2 and 0.6. Then, after the 240 
peak, a shrinkage deformation progressively appears, which increases as a linear function of the 241 
degree of hydration. 242 
 243 
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 244 
Figure 5. Autogenous deformations from BTJADE measurements as a function of (a) time and 245 
(b) degree of hydration. 246 
 247 
The reproducibility of the measurement is shown in Figure 6a, where the continuous lines 248 
indicate the average on four samples originating from two batches of each concrete, and the 249 
dashed lines represent the maximum and minimum value for the four samples of C1 and C4. The 250 
amplitude of the swelling is not as reproducible as the slope of the shrinkage phase which is 251 
almost identical for each of the four samples. Indeed, significant variations can be observed as 252 
regards the maximal value of the autogenous deformation. This is attributed to the very early age 253 
behaviour rather than to the swelling behaviour. Indeed, since the concrete matrix has a low 254 
stiffness at very early age, the expansion might occur in the voids of the sample instead of 255 
resulting in a global increase of the sample volume. Since the samples are vibrated manually, 256 
small to moderate size air bubbles can be present in the concrete, and therefore decrease the 257 
apparent volume variations of the sample. At older ages, when the concrete is hardened enough, 258 
all expansion or shrinkage results in a measurable overall length variation, and therefore in a 259 
more reproducible measurement. 260 
 261 
 262 
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Figure 6. a) average (continuous line), maximum and minimum (dashed lines) values obtained 263 
from 4 specimens for C1 and C4 with BTJADE b) comparison between a vertical measurement 264 
(BTJADE) and horizontal measurement (TSTM) of the autogenous deformation for C1 and C4 265 
 266 
Figure 6b shows the comparison of the measurements performed with the BTJADE device, 267 
which is a vertical measurement of the deformation with a horizontal test setup. The latter is the 268 
TSTM device, initially designed for other purpose [23], but that allows measurement of the free 269 
horizontal deformation of a 75 cm length concrete sample with a 10x10 cm section [25]. The 270 
close measurement values for both devices confirm that the observed is not a measurement 271 
artefact. 272 
The slope of the autogenous deformation versus hydration degree (Asd) is shown in Table 5. This 273 
slope is identified from after the swelling peak until several weeks. Generally, it is considered 274 
that the autogenous deformation evolves as a linear function of relative humidity (RH) inside the 275 
concrete porosity [22, 26, 16]. This makes sense since RH is representative of both the capillary 276 
pressure and the surface tension inside the material. However, it cannot be measured at very 277 
early age, when the concrete porosity is close to saturation. If no drying occurs as it is the case in 278 
this study, RH can stay close to 100% for several days [27]. In addition, shrinkage may occur 279 
when the material is still saturated, only due to the chemical shrinkage and to the overall cement 280 
matrix stiffness. Therefore, it is believed that RH is at best a partial indicator of the autogenous 281 
shrinkage at early age, and is best representative of the drying deformation of hardened concrete. 282 
 283 
Table 5. Slope of the shrinkage deformation versus degree of hydration 284 
  C1 C2 C3 C4 
Asd [µm/m] -313±5 -446±13 -146±8 -360±12 
 285 
 286 
3.3.1. Self-desiccation deformation 287 
By making the assumption that the self-desiccation increases as a linear function of the degree of 288 
hydration since the setting time, it is possible to compute, for each composition, the self-289 
desiccation deformation through equation 8. In that equation, Asd is the slope shown in Table 5. 290 
In equation 7, 4 is defined as a function of the degree of hydration (α) and the degree of 291 
hydration corresponding to the final setting time t0 (α0). From a physical point of view, this 292 
assumption is not strictly accurate since the shrinkage process results from the combination of 293 
mechanisms including chemical shrinkage, decrease of capillary pressure due to water 294 
consumption and stiffness of the cement matrix. However, from a phenomenological 295 
perspective, when considering the early age behaviour (when hydration still occurs at a 296 
significant rate), all these phenomena are related to the degree of hydration. Therefore, it makes 297 
sense to relate the self-desiccation deformation to its underlying cause, i.e. the hydration process 298 
[28,29]. As a matter of fact, the autogenous self-desiccation can be modelled using similar 299 
equations as the hydration model presented in equation 1 [19]. 300 
 301 
4  5
5$
5$             (7) 302 
 303 
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This approach is illustrated in Figure 7a. It results in strictly decreasing negative deformations 306 
(shrinkage), which ultimate amplitude (for a degree of hydration close to 1) is equal to Asd. The 307 
values of Asd shown in Table 5 indicate that BFS (C2) significantly increases the autogenous 308 
deformation. This is a well-known effect that has already been noted by other researchers [23, 309 
16]. On the other hand, C3 is characterised by a lower shrinkage development. This is partially 310 
due to the dilution effect of LMF, since it only contains 70% of CEMI in comparison with C1. 311 
This low shrinkage can also be explained by the lower porosity of C3 in comparison with C1 due 312 
to the filler effect of LMF. Finally, this observation can also be attributed to the increased water 313 
available for cement hydration due to the inert nature of LMF, resulting in coarser porosity and 314 
higher saturation degree, and therefore lower capillary pressure. The combination of these three 315 
mechanisms results in a development of the autogenous shrinkage of C3 being less than half of 316 
C1. Finally, C4 has a lower slope than C2, due to the substitution of 30% of BFS by LMF 317 
between both compositions. However, as indicated by the heat release measurements, no dilution 318 
effect of LMF can be observed in C4 in comparison with C2. Therefore, the lower shrinkage 319 
development of C4 is attributed mainly to the filler effect of LMF, which is significantly finer 320 
than BFS. 321 
 322 
 323 
Figure 7. Contribution to the autogenous deformation of (a) self-desiccation and (b) swelling 324 
 325 
3.3.2. Swelling deformation 326 
Considering equations 5-8, the swelling deformation εsw can be computed by subtracting the 327 
thermal and self-desiccation deformation from the measured deformation. As a result, S-shaped 328 
curves appear in Figure 7b. The swelling deformation progressively increases until stabilizing at 329 
a fixed value after a few hours up to a few days, depending on the composition. These curves 330 
confirm that according to this methodology, contrary to the self-desiccation mechanism, the 331 
swelling only occurs during the first days of hydration, and do not contribute to the long term 332 
development of the autogenous deformation. Regarding the amplitude of this swelling Asw, its 333 
value shown in Table 6 can be obtained mathematically as the y-axis intercept of the line fitting 334 
the linear εau-α curve. 335 
 336 
Table 6. Amplitude of the swelling deformation 337 
  C1 C2 C3 C4 
Asw [µm/m] 168±19 397±22 142±12 376±23 
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 338 
As stated previously, the error on the determination of the swelling amplitude Asw is higher than 339 
in the case of the self-desiccation amplitude Asd. However, clear trends appear when replacing 340 
CEMI by LMF or BFS. First, BFS induces a very significant increase of εsw. This has already 341 
been pointed out by other authors, and is generally attributed to the additional formation of 342 
ettringite in presence of slag [23]. Since the hydration of C2 is slower in comparison with C1, the 343 
swelling peak is delayed. On the other hand, LMF induces a slight decrease of the swelling 344 
amplitude. In the same way, when combining BFS and LMF in C4, εsw has an overall trend 345 
similar to its counterpart without LMF. This indicates that LMF has no significant effect on εsw. 346 
This observation is not only inconsistent with the swelling mechanism related to the filler 347 
adsoprtion of water [13], but also counter-intuitive considering the total autogenous deformation 348 
shown in Figure 5. In that figure, C3 shows a higher swelling peak than C1. This is explained by 349 
the very low self-desiccation deformation of C3. Indeed, when no LMF is present (C1), the 350 
swelling is mostly counter-balanced by large self-desiccation deformations at early-age. 351 
However, in C3, the swelling peak observed in the total autogenous deformation is most likely 352 
due to a decrease in the self-desiccation rather to an increase of εsw. 353 
 354 
3.4.Mechanisms of the swelling deformation 355 
The early age swelling deformation is generally attributed to at least one of the following 356 
mechanisms: 357 
- measurement artefact, 358 
- absorption of bleeding water [11], 359 
- water adsorption by filler [12, 13], 360 
- CH growth [14], 361 
- primary ettringite formation [14, 15]. 362 
The measurements have been confronted in Figure 6b to another test setup, which has confirmed 363 
that the swelling is not due to an artefact. The second mechanism can be ruled out due to the fact 364 
that the limited w/c ratio used in this study induced no measurable bleeding water. As discussed 365 
previously; according to the third mechanism, the presence of limestone filler should increase the 366 
water adsorption around small particles, whereas LMF is observed to have only a limited (if not 367 
slightly decreasing effect) on the amplitude of the swelling deformation. Therefore, this 368 
mechanism is not predominant in this case. Furthermore, the CH growth is known to produce 369 
cement matrix expansions during hydration. However, compositions containing BFS generally 370 
show higher swelling deformations while exhibiting very low CH content due to its consumption 371 
by the hydration of the slag. This was observed by TGA on all tested compositions (Figure 8). 372 
Based on these results, the CH growth mechanism for the swelling deformation can be ruled out 373 
for three main reasons: 374 
- the compositions with BFS show a decreasing CH content after 24h, while they still 375 
exhibit an increasing swelling at that point. Therefore, even if it still could reasonably be 376 
argued that CH induces swelling, this demonstrates that CH growth is not the only 377 
mechanism in play, 378 
- the portlandite content is due to the Portland cement hydration, and it therefore occurs 379 
almost simultaneously in all compositions, proportionally to the amount of CEM I 380 
present in the mix(Figure 8). However, the swelling in presence of BFS occurs 381 
significantly later than without BFS. This contributes to the idea that CH growth is not 382 
the main mechanism of early age swelling, 383 
- the compositions containing BFS exhibit the lowest CH content due to their very low 384 
CEM I content. However, these same compositions present by far the highest swelling 385 
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deformation. There is therefore no evidence of a relationship between the CH formation 386 
and the swelling behaviour observed in the tested concretes. 387 
 388 
 389 
Figure 8. Portlandite content as a function of time for each composition 390 
 391 
The primary ettringite formation is therefore the most plausible explanation for the observed 392 
swelling deformation. It is known since the early 60’s that the formation of ettringite is 393 
accompanied with an expansion. Originally, two mechanisms were proposed for this early age 394 
expansion. According to the crystal growth theory, the swelling in presence of ettringite is due to 395 
its formation around anhydrous or hydrated grains. Due to the porous aspect of ettringite (related 396 
to its needle-like structure), its volume occupies more space than its original constituents, and 397 
therefore induces a matrix expansion as soon as it comes in contact with another ettringite layer 398 
[15]. According to the swelling theory, ettringite forms as colloidal particles in through-solution. 399 
These high specific surface particles result in water adsorption and therefore to an apparent 400 
cement expansion [14]. Although the crystal growth theory is often considered to be the 401 
dominant mechanism, a combination of both theories is the most probable cause of ettringite 402 
swelling. This swelling is observed to depend on the amount of ettringite, on its formation mode 403 
(through-solution colloidal suspensions or topochemical crystal growth), all of which depend on 404 
the source nature and amount of Al3+ and SO3- ions [30, 31]. Also, the swelling kinetics is highly 405 
dependent on the strength and stiffness of the paste in the vicinity of ettringite crystals [32]. 406 
Based on these facts, various mechanisms can be at the origin of the swellings observed in 407 
Figure 7. 408 
First, the presence of LMF does not affect directly the amount or nature of SO3- nor Al3+ ions in 409 
solution, and therefore induces a slight decrease in the swelling deformation, probably by 410 
dilution effect (lower amount of reactive content in the cement paste). This effect might be partly 411 
counterbalanced by the lower early age stiffness of concrete with LMF than without [07]. 412 
Secondly, the presence of BFS in concrete affects the amount and nature of the ions in solution. 413 
The significantly higher amount of swelling in its presence might be the result of the production 414 
of a different nature or structure of ettringite, of the increased amount of ettringite produced, or 415 
finally of the lower stiffness of the matrix in presence of BFS [07]. One of the possible ways to 416 
understand more deeply the role of BFS on the swelling deformation would be to quantify the 417 
ettringite content in each composition. However, the possibilities of experimental quantification 418 
of the ettringite content are quite reduced. Indeed, on cement pastes, the selective dissolution, 419 
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thermogravimetric analysis or X-ray diffraction all show experimental artefacts allowing in the 420 
best case scenario semi-quantitative results [33]. 421 
By comparing the heat flow and the swelling deformation measurements, it can be observed that 422 
the main swelling peak (Figure 7b) occurs during the second shoulder in the heat flow curves 423 
(Figure 4). This shoulder corresponds to the hydration of the aluminates, which indicate the 424 
depletion of gypsum thus accelerating C3A hydration which was partially arrested by the 425 
adsorption of sulphate ions on the surface of the reactant particle [34]. When the adsorbing 426 
sulphate ions are released this accelerates the ettringite formation along with the formation of 427 
AFm [24]. This occurs between 10-15h for C1, 35-65h for C2, 15-30h for C3 and 40-80h for C4. 428 
Most of the swelling occurs at the time where ettringite is formed. Based on this observation, it 429 
can be supposed that ettringite is at the origin of this swelling. This does not exclude that other 430 
hydration products contribute to the swelling as well. 431 
In order to have additional information, qualitative analysis is performed by TGA. The 432 
dehydration of ettringite occurs for a temperature close to 95°C. However, this temperature also 433 
corresponds to the dehydration of C-S-H and AFm [35, 36]. As shown in Figure 9, the amount of 434 
ettringite, C-S-H and AFm increases within the first hours after mixing, and up to a few days. 435 
Then, it stabilizes, so that no significant difference can be observed between up to 28d. An 436 
indicator of the ettringite content is chosen as the difference between the relative mass at 105°C 437 
(m105) and the relative mass at 85°C (m85). This indicator is computed for each measurement 438 
(between 3h and 28d) and compared to the autogenous swelling deformation in Figure 10. 439 
 440 
 441 
Figure 9. Relative mass variation related to the ettringite, C-S-H, AFm and gypsum from TGA 442 
for compositions a) C1 and b) C4 443 
This confirms that the time frame during which the swelling occurs corresponds to the time when 444 
most of the ettringite is formed. This is only a qualitative correlation since the mass loss between 445 
85°C and 105°C cannot be attributed only to the ettringite, but also to the C-S-H and AFm. This 446 
correspondence is verified for all compositions, with and without LMF or BFS. These evidences 447 
confirm that the ettringite formation is the main mechanism at the origin of the swelling. This is 448 
further validated by the decrease of gypsum, which is consumed by the formation of ettringite. 449 
The peak related to gypsum decreases between 3h and 24h for C1 and between 3h and 48h for 450 
C4. However, in the presence of slag, it can be observed that swelling continues shortly after 451 
depletion of the gypsum content. The absence of gypsum prevents additional ettringite 452 
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formation, and induces a transformation of AFt to AFm phases [24]. This indicates that this 453 
transformation might also contribute, to a lesser extent, to the swelling deformation. 454 
 455 
 456 
Figure 10. Comparison between ettringite-related mass loss from TGA (between 85°C and 457 
105°C) and autogenous swelling deformation 458 
Regarding the effect of SCM, it can be noticed that LMF does not generate swelling. Indeed, 459 
similar expansion is generated for an equivalent ettringite amount between C1 and C3, and 460 
between C2 and C4. However, BFS induces a significantly higher swelling generation for similar 461 
ettringite content. One possible explanation would be that in the presence of slag, ettringite is 462 
formed when the cement matrix has lower rigidity. This is consistent with the low early age E-463 
modulus measured on the same mix compositions and presented elsewhere [07]. Therefore, a 464 
same amount of ettringite would result in higher swelling. Another possibility is that the actual 465 
nature and structure of ettringite is different with and without slag. 466 
In order to understand this difference, SEM analyses are performed on C1 and C2 at 2 days of 467 
hydration. At that time, the swelling with slag (C2) is higher than the one of C1 (Figure 7b), but 468 
the degree of hydration of C2 is lower than C1 (Figure 4). The results of these experiments show 469 
that needle-like ettringite is present in both concrete in high quantity (Figure 12). However, 470 
when slag is introduced, a denser network of needles is noticeable. This network is composed of 471 
shorter needles than in absence of slag, probably due to the higher degree of hydration of C1 at 472 
that point. On the one hand, the denser ettringite network might be the cause of its higher 473 
swelling. On the other hand, if ettringite is the main cause of swelling, the larger needles in C1 474 
should have induced higher swelling. The lack of a clear relationship between the presence of 475 
ettringite and the macroscopic swelling confirms that a preponderant property in its development 476 
is the stiffness of the surrounding matrix. If ettringite develops when the stiffness of concrete is 477 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
16 
too high, it might not result in any swelling at all, whereas in the case of C2, the slow increase in 478 
stiffness allows ettringite to induce such swelling. 479 
 480 
 481 
Figure 12. SEM observation of the ettringite at 48h on concrete a) without slag and b) with slag 482 
made at 4MAT lab, ULB. 483 
 484 
3.5.Modelling the autogenous deformations 485 
The modelling approach for the self-desiccation was previously described in equation 8, as it is 486 
part of the autogenous deformation decoupling strategy. Since it has been established that the 487 
swelling is mostly due to the ettringite formation which results from the cement hydration, it 488 
makes sense to study the evolution of εsw as a function of α. The relative swelling deformation 489 
εsw/Asw displayed in Figure 13 is characterized by an s-shaped swelling as a function of the 490 
degree of hydration. The fast increase of the swelling is attributed to the initially large 491 
production of ettringite. For higher degree of hydration, the ettringite production rate decreases, 492 
and the overall stiffness of the cement matrix increases. At a degree of hydration between 0.6 493 
and 0.7, the expansion reaches a plateau which is explained by a combination of these two 494 
mechanisms. It is observed that the relative swelling development is initially slowed down by the 495 
presence or LMF or BFS, and even slower in the presence of both.  496 
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It is chosen to model the swelling as a s-shaped function of the degree of hydration, consisting in 497 
a rapid increase of the production rate for low degree of hydration, and a tangent value of Asw. 498 
The sigmoid or logistic functions as well as Gompertz curves are classical examples of such 499 
behaviour. However, these mathematical expressions are symmetrical and have no explicit 500 
conditions according to which the swelling at α0 is equal to 0. The chosen expression for 501 
modelling the swelling is shown in equation 9. 502 
 503 
78 
98 
 1 ; 	
	.5<=           (9) 504 
 505 
It is preferred to the others based on its ability to impose an initial value of 0, and to depend on 506 
two parameters a and b. The first parameter controls the degree of hydration at which the plateau 507 
occurs (for higher value of a, the plateau is reached sooner), while the second parameter controls 508 
the rate at which the swelling develops (for higher value of b, the swelling develops more 509 
slowly). The interest of this model is that based on Figure 13, it appears that parameter a is 510 
independent on the concrete composition, and can therefore be chosen as a constant. Only 511 
parameter b is function of the presence of SCM. 512 
 513 
 514 
Figure 13. Evolution of the relative swelling deformation as a function of degree of hydration 515 
 516 
The values of the parameters a and b are shown in Table 7. The parameter a is fixed at 7 for all 517 
compositions since it mathematically corresponds to a fast decrease of the swelling deformation 518 
rate around a degree of hydration of 0.6 (plateau of swelling). The values of parameter b increase 519 
with the presence of BFS, LMF, and even more when both are present. This is in agreement with 520 
the observation that the tested SCM delay the swelling development for a given degree of 521 
hydration. In order to improve the understanding of the relationship between mix composition 522 
(SCM amount and nature, w/c ratio) and the value of parameters a and b, further tests should be 523 
performed. At this stage, these two parameters are considered as fitting parameters without 524 
precise physical interpretation. 525 
 526 
Table 7. Parameters of the relative swelling model 527 
  C1 C2 C3 C4 
b 1.45 ± .15 1.84 ± .12 1.81 ± .06 2.05 ± .05 
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a 7 7 7 7 
 528 
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 530 
Ultimately, the new unified model for the autogenous deformations can be written in the form of 531 
equation 10, based on equations 6-9. It consists in a self-desiccation contribution, linearly 532 
dependent on the degree of hydration, and on a chemo-physical swelling deformation, related to 533 
the hydration degree until the swelling plateau is reached through an s-shaped curve. Based on 534 
experimental observations, the degree of hydration at which the swelling plateau occurs is close 535 
to 0.6. This means that according to the model, the ettringite formation generates expansion only 536 
if it is formed at a degree of hydration under this value. 537 
The relevance of this model is confirmed in Figure 14, where the experimental curves for the 538 
swelling, self-desiccation and total deformations (continuous lines) are confronted to the 539 
corresponding modelled curves (dashed lines) for each compositions. The total apparent 540 
autogenous deformation results from two different mechanisms, which can be considered as 541 
independent and superimposable. 542 
 543 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
19 
Figure 14. Comparison of the developed model with experimental results for the swelling 544 
deformation, self-desiccation deformation and total autogenous deformation (continuous lines 545 
for experimental values, dashed lines for modelled curves) 546 
 547 
4. Conclusion 548 
In this paper, a new methodology is developed to decouple the self-desiccation deformation from 549 
the swelling deformation in autogenous conditions. Both phenomena are closely related to the 550 
advancement of the hydration reactions, whether concrete contains only Portland cement, or a 551 
combination of Portland cement, limestone filler and/or blast-furnace slag. The main conclusions 552 
of this paper are that: 553 
- The self-desiccation deformation occurs as a linear function of the advancement degree 554 
of hydration between at least 0.7 and 0.95, independently on the presence of mineral 555 
additions. 556 
- The swelling deformation results from chemo-mechanical couplings of the ettringite 557 
formation, combining the growth of needle-like crystals generating internal pressure on 558 
the cement matrix, and the resistance of the matrix to this growth due to the concrete 559 
stiffness. 560 
- The swelling is observed to occur from the setting time and up to a degree of hydration 561 
close to 0.6. 562 
- Limestone filler tends to decrease moderately the swelling deformation and reduces 563 
consequently the self-desiccation deformation. The former is contrary to mechanism of 564 
swelling by water adsorption on the filler powder [13], which could not be confirmed in 565 
this study. 566 
- Blast-furnace slag significantly increases both the swelling and self-desiccation 567 
behaviour. While these are common observations, this methodology allows quantifying 568 
these effects, indicating that the higher swelling in presence of BFS is not only due to the 569 
increased amount of ettringite, but also to the lower stiffness of the concrete at the time it 570 
is formed, therefore resulting in higher expansion. 571 
In light of these observations, a unified hydration-based model is proposed for the modelling of 572 
the autogenous deformations of concrete with or without supplementary cementitious materials, 573 
from the very early age to several weeks. This new model relies on three main parameters: the 574 
amplitude of the self-desiccation deformation, the amplitude of the swelling deformation, and the 575 
kinetics of the swelling development. 576 
 577 
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